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Multiplatform Analysis Seismic Evaluation of a Non-Seismically Detailed 
Nonlinear RC Structure Retrofitted With Magneto-Rheological Dampers 
 
Abstract 
by 
Eric Robert Lovejoy 
 
It has been shown over the last fifteen years that the implementation of Magneto-
Rheological (MR) fluid dampers within structural control strategies in civil structures is 
an effective way to reduce the dynamic response of said structures to various dynamic 
loading conditions.  The MR damper has shown such promise due to its low power 
requirement and inherent stability characteristics which are derived from the device's 
semiactive nature.  A semiactive device does not impart energy on the structure but 
absorbs the energy introduced into the system by dynamic loading conditions.  In prior 
research, the MR damper's dynamic characteristics are typically modeled in the 
MATLAB/Simulink environment which provides the proper framework to estimate the 
damper's nonlinear dynamic characteristics.  A number of models have been produced in 
MATLAB/Simulink that accurately depict the damper's behavior under various operating 
conditions.  Creating a structural model with nonlinear material properties, however, may 
be challenging in the MATLAB/Simulink environment without approximating the 
material behavior and neglecting effects such as P-∆ or panel zone behavior.  More 
behaviorally accurate models of these structures can be produced using nonlinear finite 
element analysis tools such as Abaqus, OpenSees or ZuesNL, that can reproduce the fully 
ix 
 
nonlinear dynamic response of the structure.  These analysis tools, however, are not 
traditionally used to model the complex nonlinear and controllable behavior of MR 
dampers, nor their associated control algorithms.  One solution to this challenge is to 
facilitate communication between these two tools, a MATLAB/Simulink model of an MR 
damper and an Abaqus, OpenSees or ZuesNL finite element model of a building 
structure. In this manner, each component is able to be modeled in its preferred 
environment and these components are able to communicate the necessary information 
throughout the simulation.  This solution enables a Multiplatform Analysis (MPA) to test 
control strategies using MR dampers.  This thesis describes the formulation of a 
communication protocol between the MATLAB/Simulink MR damper model and a finite 
element building structure model.  This thesis demonstrates, for seismic applications, the 
application of this MPA technique to a small scale MR damper model and simple linear 
structure, validates the MPA technique with experimental results from a real-time hybrid 
test of a 2kN MR damper and two-story small-scale building, and finally applies the 
MPA technique to a large scale MR damper model and a more complex, nonlinear 
reinforced concrete structure.   
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CHAPTER 1: INTRODUCTION 
Building structures are an integral part of our everyday lives.  Studies have shown 
that people spend roughly 90% of their time indoors on average, and about 25% of their 
time in public buildings [Lawrence Berkeley National Laboratory].  Building structures 
have been traditionally designed to only resist static loading and only in the recent 
decades have engineers begun to consider the effect of dynamic loads on structures.   
This is partly a product of higher level computational power that has enabled engineers to 
more accurately simulate and therefore obtain a better understanding of the dynamics of 
large structures.  These dynamic loads, which can be caused by a number of excitations, 
namely wind and earthquake ground motion for building structures, when accounted for, 
can vastly reduce the risk of damage to the structure, its contents and danger to its 
occupants.  Over the last few decades, a number of changes have been made to the 
dominant design codes to ensure structures will be more robust against such extreme 
loading conditions.  The changes in the design code have dominantly been applied to new 
construction of structures [ACI, 2008; American Institute of Steel Construction, 2005].  
For those building structures that are still well within their service lives, but lie in high 
risk areas for excitation via wind or ground motion, retrofits are sometimes necessary for 
protection against large-scale dynamic events.  Much research has been conducted into 
the retrofit of structurally unsuitable buildings for dynamic loading conditions [Kubota, 
1999; Guclu and Yazici, 2009a; Berton, 2005], of which structural control shows great 
potential. 
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1.1 Structural Control 
Structural control is the science of redistributing and absorbing energy imparted 
on a structure by dynamic loads.  In typical structures, energy that is introduced to the 
structure is dissipated through elastic strain energy and inelastic deformation.  By 
employing structural control through a control device, the energy imparted on the 
structure has another avenue to either redistribute or dissipate through, reducing inelastic 
deformation and elastic strain, and therefore better protecting the structure from 
damaging deformation, whether it be elastic or inelastic.   
There are three main types of structural control strategies [Housner et al., 1997].  
They include passive, active and semiactive control strategies.  Passive devices, as their 
name implies, are installed to act uncontrollably and without a power requirement.  These 
devices are stable in a bounded input output sense in that they do not impart energy into 
the structure, but simply absorb it.  Passive control devices include base isolation 
bearings, tuned mass dampers and passive fluid dampers.  Examples of these devices are 
shown below in Figure 1. 
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Figure 1. Typical passive control devices [Christenson, 2002] 
Active control devices, on the other hand, are controllable and require a power 
source to operate, which is concerning in an extreme event in which power may be lost in 
the time at which it is most necessary.  These systems require information from a 
monitoring system, typically employing accelerations, to inform a control algorithm of 
the state of the structure.  With this information, the control algorithm can supply the 
active device with the proper input to produce control forces that will absorb or 
redistribute the energy entering the structural system to reduce responses.  This strategy 
can cause the structure to become unstable if unforeseen circumstances arise, in which a 
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situation could cause the control algorithm to request large control forces that could input 
too much energy into the system, creating instability in the structure.  Active control 
strategies are most often achieved with the use of actuators.  These actuators can be 
between stories or impart forces on a large mass (as in an active mass damper) or on a 
base isolated structure (as in active base isolation).  Examples of these devices are shown 
below in Figure 2.   
 
Figure 2. Typical active control devices [Christenson, 2002] 
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The most promising of the three strategies is the marriage of the two mentioned 
above, semiactive control.  Semiactive control takes the benefits of both passive and 
active control strategies while leaving behind their respective drawbacks.  A semiactive 
system is essentially a controllable passive system.  This enables the system to be 
controllable as well as unconditionally stable, unlike an active system. A semiactive 
system also requires significantly less power than an active system which enables the 
system to run on batteries when needed, reducing the risk of power loss during an 
extreme event.  This type of system requires a similar array of sensors to inform a control 
algorithm of the states of the structure, but unlike an active system, there is no energy 
input into the structure to achieve control but rather the algorithm controls the properties 
of a controllable passive device.   Semiactive control devices include variable orifice 
dampers, variable friction dampers and controllable fluid dampers.  Of these, the 
controllable fluid damper, more specifically the MR damper, is of particular interest to 
engineers and will be the control device implemented in this study. 
 
1.2 Magneto-rheological Damper 
The large scale MR damper is a particularly promising device in the control of 
civil structures. Dyke and Spencer first began modeling and simulating dynamic events 
using MR dampers for seismic protection over 15 years ago [Dyke and Spencer et al, 
1996a, 1996b] and later began experimental studies employing them [Dyke and Spencer 
et al, 1998].  The MR damper consists of a piston and cylinder assembly, a copper coil 
which creates a magnetic field within the cylinder cavity and MR fluid which fills the 
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cylinder cavity.  The MR fluid is an oil that contains many small iron particles.  When an 
electric current is supplied to the copper coil that surrounds the piston within the cylinder 
cavity, a magnetic field is produced across the cylinder.  This aligns the iron particles into 
chains, effectively changing the viscous characteristics of the fluid.  This controllability 
of the viscous properties of the fluid within the damper allows engineers to vary the 
amount of current that is supplied to the damper in real time, typically between zero and 
two Amps, therefore controlling the viscous resistance and the damping reaction force 
that the damper produces.  This device also runs on very little power, and only requires 
power when the control algorithm requests larger damping forces.  The device also has 
the ability to act passively, either on or off, and provide a significant amount of 
supplemental damping to structures.  A schematic of the large-scale MR damper is shown 
below in Figure 3.   
 
Figure 3. MR damper schematic  
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A number of numerical models have been developed to describe the behavior of 
the MR damper in order to enable engineers to perform analytical simulations of large 
structures employing MR dampers for structural control without having to construct and 
test these structures.  Some of these models for MR dampers include the Hyper-Tangent 
model [Bass and Christenson, 2007], the Bouc-Wen model [Spencer et al, 1997], the 
Viscous plus Dahl model [Aguirre et al, 2008], and the Algebraic model [Choi et al, 
2001; Song et al, 2005].  A comparison of the various MR damper models was recently 
conducted [Jiang and Christenson, 2011] identifying the various tradeoffs of the different 
models.  In this thesis, the small scale Algebraic model will be used in the verification of 
the MPA technique with a two degree of freedom oscillator and the Hyper-Tangent 
model will be used in the large scale simulations. 
 
1.3 Overview of Multi-Platform Analysis 
 Many state-of-the-art analysis platforms in the structural engineering research 
field have unique features. By utilizing these unique features of analytical capabilities, a 
complex structure can be more realistically modeled and more reliable results can be 
obtained. The concept of multi-platform simulation is developed herein for the structural 
control of a seismically excited building.  
 The Multi-Platform Analysis tool presented here was first developed as a tool in 
the George E. Brown Jr. Network for Earthquake Engineering Simulation (NEES) 
program for use in hybrid simulation.  Hybrid simulation, also called substructure 
pseudo-dynamic testing, is a type of experimental testing within the civil engineering 
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research field that provides the capability to isolate and physically test critical 
components of a structure in an efficient manner. The loading applied to the structure is 
determined by numerical integration of the dynamic equations of motion. This method 
provides an exceptionally attractive option for assessment of complex interacting 
systems, combining physical testing with numerical simulation. Hybrid simulation allows 
the well-behaved and better understood regions to be singled out and analyzed 
computationally, while regions of particular interest or complexity are treated 
experimentally. Through the interaction of the physical and analytical substructures 
during the simulation, the response of the entire system can be obtained. Hybrid 
simulation has been adopted and extended by many researchers through NEES which 
consists of fourteen shared-use equipment sites located throughout the USA [George E. 
Brown, Jr. Network for Earthquake Engineering Simulation].  
 UI-SimCor [Kwon et al, 2005] was developed for MPA, an extension of hybrid 
simulation with no physical component, which is capable of coordinating the 
synchronized simulation of Zeus-NL [Elnashai et al, 2005], OpenSees [OpenSees], 
FedeasLab [FEDEASLab], Abaqus [Abaqus FEA], Vector2 [VecTor Analysis Group]. 
The MPA technique may be run on one or more processors, thus making use of clusters 
of computers in a more effective manner. 
9 
 
 
Figure 4.  General overview of the MPA technique using UI-SimCor [Kim, 2011a] 
 
1.4 MR Damper Plugin 
 It has been shown over the last few decades that the implementation of MR 
dampers in civil structures is an effective way to reduce the dynamic response of 
structures to various dynamic loading conditions. In practice, the MR damper's dynamic 
characteristics and corresponding controller are typically modeled in a 
MATLAB/Simulink environment which provides the proper framework to apply control 
laws and estimate the damper's nonlinear dynamic characteristics. A number of models 
have been produced in this environment that accurately depict the damper's behavior 
under numerous loading conditions. However, creating a structural model with nonlinear 
material properties is neither simple nor practical in a MATLAB/Simulink environment 
without approximating the material behavior and potentially neglecting effects such as P-
∆ and panel zone behavior. More accurate models of these structures can be produced 
using nonlinear finite element analysis tools such as Abaqus, OpenSees or ZuesNL, that 
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perform significantly better in reproducing the dynamic response of structures comprised 
of nonlinear materials. These tools unfortunately may not be ideal for modeling the 
complex nonlinear behavior of the MR dampers nor their control algorithms. The MR 
Damper Plugin is developed in this research to allow the MR damper to be modeled in an 
MPA. The MR Damper Plugin is employed to facilitate communication between 
MATLAB/Simulink and a finite element analysis tool, such that each component is able 
to be modeled in its preferred environment and that these components are able to 
communicate the necessary information at each time step. Figure 5 shows a schematic 
overview of seismic assessment of three-story RC structure controlled by MR dampers by 
utilizing the MPA technique. 
 
Figure 5.  Overview of the MPA technique using the MATLAB MR Damper Plugin 
[Kim, 2011a] 
 
Control Device: 
MR Damper 
Simulation Coordinator : 
UI-SimCor 
Structural Model 
(Nonlinear) 
…
 
MR Damper Plugin 
Bouc-Wen model 
Hyperbolic tangent  model 
Prototype Structure 
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CHAPTER 2: LITERATURE REVIEW 
2.1 Control of Nonlinear RC Structures 
A number of strategies have been employed to control the dynamic response of 
structures with nonlinear material properties.  For the most part, these nonlinear 
structures have been reinforced concrete frame structures similar to that employed in this 
study.  Techniques used to achieve control of these structures in literature vary widely 
from the use of novel configurations for control devices, the use of nonlinear materials as 
in hysteretic dampers, combinations of passive and semiactive control devices using 
traditional linear control algorithms and the use of more intelligent active control 
algorithms employing fuzzy logic, neural networks and genetic algorithms.  Each of these 
strategies has achieved relative success within their analysis environments.  The platform 
introduced in this study can be used to further confirm the results and provide a means for 
a more detailed and comprehensive analysis.   
Tagawa et al. analytically studied the use of linear springs between lateral 
resistant structural components such as concrete shear walls and moment resisting 
frames.  Substantial strains are often developed along the boundary between two 
structural components, and the placement of springs at these locations can create control 
forces proportional to their strain and stiffness.  Variable stiffness is achieved in this 
configuration by controlling the strain induced in the springs at the boundary between 
adjacent structural components.  A sliding mode control algorithm is developed in which 
the optimal switching surface is determined based on a predefined performance index.  
An experimental and numerical study was performed and the results matched well, 
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verifying the concept but the performance of the control system was not ideal, leading to 
the notion that the mechanical response time of the controller plays a large role and was 
not properly achieved [Tagawa et al., 1998]. 
Kubota et al. studied the concept of employing toggle mechanisms to amplify 
relative displacements across vibration control devices in retrofitting reinforced concrete 
structures.  This analytical study was performed as an attempt to solve the issue of many 
control devices being rendered ineffective due to inadequate displacements across the 
devices.  The results of the study were promising, as the system efficiently absorbed the 
dynamic energy, but the design and execution of such systems are yet to be widely 
employed due to the high cost and largely unproven performance [Kubota et al., 1999]. 
Wang et al. analytically studied the implementation of MR dampers vertically 
placed between the perimeter and outrigger columns of frame-core tube structures.  The 
building and control device in this study were modeled in a commercial Finite Element 
program. The study lead to the conclusion that such a system can improve the dynamic 
performance of the structure at the expense of static stiffness and strength.  It was also 
found that both passive on and semiactive control were able to effectively reduce most of 
the evaluation criteria adopted for the study [Wang et al., 2010]. 
Taguchi and Tasai studied analytically the use of non-structural reinforced 
concrete walls as bi-linear hysteretic dampers for reducing dynamic responses.  These 
non-structural walls were fitted with steel plates of varying cross sections to test the 
effects of walls with different specifications.  This method was found to be effective in 
reducing interstory drifts in large earthquakes when the walls were adequately 
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distributed.  It was also found that steel plates with larger cross sectional area within the 
non-structural walls seemed to better reduce interstory drifts.  The building and control 
devices were modeled in MATLAB in this study. [Taguchi and Tasai, 2001]. 
Providakis studied the use of lead rubber bearings (LRBs) as well as supplemental 
viscous dampers on base isolated reinforced concrete structures under near fault 
excitation.  This analytical study was performed because the performance of LRBs under 
far field excitation experienced acceptable deformations, which isn’t always the case with 
near field excitation.  For this reason supplemental damping devices were employed.  
This study found that while increasing the dynamic performance under large near field 
excitation, it reduced the performance under moderate to high dynamic excitation from 
far field sources as well as moderate near field excitation due to the excessive 
supplemental damping under small displacements.  The isolation bearings also make the 
building stiffer under far field excitation, driving responses into higher modes, therefore 
defeating their purpose.  The building and control devises were modeled in ETABS in 
this study [Providakis, 2008].  
Casciati performed an analytical study to develop the proper stability checks 
when employing a fuzzy logic active controller for use with a nonlinear structure.  A 
fuzzy controller is one that does not use the numerical values of 1 or 0 to denote true or 
false, but also values in between to denote partially true or partially false.   This leads to a 
more intelligent controller capable of making more informed decisions for control forces 
to be applied.  While the use of such an intelligent algorithm has advantages of not 
needing information on damage, structural properties, deterioration and functional 
modifications to the structure, it was found to still lack in basic properties such as 
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stability and robustness.  The analytical work in this study was performed in MATLAB.  
This study developed stability checks to be used in the design of a fuzzy controller for 
further research in the implementation of such algorithms [Casciati, 1997]. 
Guclu and Yazici studied analytically the use of a fuzzy PID controller for use 
with an active tuned mass damper in nonlinear structures.  The building and TMD were 
modeled in MATLAB.  Guclu found that the PID fuzzy active controller that was 
designed improved resonance values and decreased vibration amplitudes while 
effectively handling nonlinearities and uncertainties in the structure.  The results for three 
ground motion records showed effective reduction of story displacements, indicating the 
potential for such controllers [Guclu and Yazici, 2009a]. 
Guclu and Yazici also analytically studied the use of a self-tuning fuzzy logic 
active controller for use in nonlinear structures with an active tuned mass damper.  The 
building and active TMD were modeled in MATLAB in this study.  The results of the 
study showed good performance in the absorption of vibration energy as well as 
achieving higher performance in protecting the safety of the structure and comfort level 
for occupants during ground motion events [Guclu and Yazici, 2009b]. 
Joghataie et al developed a feed forward neural network active controller based on 
the Prandtl-Ishlinskii operator, called the Prandtl neural network.  This algorithm has the 
ability to learn, though the use of white noise, and identify nonlinear structures subjected 
to dynamic loading.  In the analytical study, the feasibility of using the Prandtl-Ishlinskii 
stop operator in the memory unit of the neural network was proven and validated through 
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numerical analysis and integration of the governing equations of motion of the structures 
studied [Joghataie and Farrokh, 2008]. 
Kim et al. also studied analytically the use of neural networks in active structural 
control.  The analytical work in this study was performed in MATLAB.  It is noted that 
neural networks are promising due to their ability to learn, in this case through a novel 
training algorithm that does not require the setting of a desired response, and control 
structures with unknown dynamics as well as nonlinear structures.  In the simulation 
study that was performed, vibrations were reduced in both linear and nonlinear structures 
and the nonlinear structures were controlled to behave linearly [Kim et al., 2000].  
 
2.2 Control of Nonlinear Steel Structures 
A benchmark study was proposed by Ohtori et al to create a framework for 
researchers to compare differing control strategies for nonlinear steel structures of 3-, 9- 
and 20-stories in height [Ohtori et al, 2004].  The MATLAB code for the nonlinear 
analysis was provided and a number of researchers performed studies of various types to 
evaluate different control strategies.  These control strategies, described in further detail 
subsequently, included damper placement algorithms, innovative damping materials, 
active and semiactive controllers, all of which were modeled in MATLAB.  
Wongprasert and Symans studied a genetic algorithm with an integer 
representation method for identifying optimal placements for passive dampers within the 
20-story benchmark structure.  It was found that the optimal placement is highly 
dependent on the criteria given the highest priority for reduction, but that if the correct 
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criteria are chosen, good reduction results can be achieved [Wongprasert and Symans, 
2004]. 
Zhang and Zhu studied the use of innovative shape memory alloys (SMAs) as 
energy dissipation devices in the 3-story benchmark structure.  Superelastic Nitinol wires 
were employed as dampers and showed promise in being able to withstand a number of 
design earthquakes without the need for repair due to their high fatigue life and large 
recoverable strain [Zhang and Zhu, 2007]. 
Li and Ou found that the application of adaptive fuzzy sliding mode active control 
could eliminate damage in the 3- and 20-story benchmark structures.  The introduction of 
the control fuzzy system was performed to approximate the nonlinear structural model, 
design the fuzzy sliding mode controller and design the adaption law that was employed 
[Li and Ou, 2006]. 
Kim et al developed a neural network neurocontroller method to control the 
nonlinear 3-story structure.  The neurocontroller was trained based on a linear design 
model and applied to the nonlinear evaluation model.  The results showed significant 
reduction in the controlled response in comparison to the uncontrolled response, showing 
that the neurocontroller could be applied to nonlinear structures [Kim, 2004]. 
Loh and Chang compared centralized and decentralized linear quadratic Gaussian 
(LQG) controllers using semiactive control devices in the 20-story benchmark structure.  
An MR damper was used as the control device.  The decentralized control was shown to 
be comparable to the centralized control, but with improved robustness [Loh and Chang, 
2008]. 
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Khaje-Karamodin et al applied a semiactive controller-based neural network to 
the 3-story benchmark structure with an MR damper.  An inverse neural network model 
(NIMR) was used to replicate the inverse dynamics of the MR damper and was applied in 
conjunction with an LQG controller.  The resulting controller achieved better 
performance than two passive control systems, an active LQG system and a Clipped 
Optimal Control (COC) system [Khaje-Karamodin et al, 2009]. 
 
2.3 Relevance of Cited Literature 
All of the above studies could be enhanced through the use of the MPA technique 
presented in this thesis.  While a number of the studies had satisfactory results, more 
robust and accurate simulations can be performed to better model the building and/or 
control device characteristics and more thoroughly understand the control-structure 
interaction between the components used in each study.   
In two of the studies, finite element (FE) software was employed to capture the 
nonlinear behavior of the structures of interest.  In one study, Providakis performed a 
nonlinear time-history analysis but employed only passive control and did not attempt to 
employ a control algorithm.  Instead the dynamics of the LRBs and viscous dampers 
were modeled in the FE environment.  In the other case of the use of FE software, Wang 
et al created a detailed model of the structure of interest and reduced the order of the 
model for the simulations performed in the study.  Both above mentioned studies would 
benefit from the use of the MPA technique proposed here.  The fidelity of the structural 
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model can be better preserved in the Wang et al. study and the use of more reliable 
control device models and control algorithms can be employed in the Providakis study. 
Five of the RC structure studies employed the MATLAB environment to estimate 
the nonlinear behavior of the structural system.  The studies performed by Tagawa et al., 
both by Guclu et al., Joghataie et al. and Kim et al. could have all benefited from the use 
of higher fidelity FE structural models to reduce material behavior estimation error in 
their results.   
The studies performed on the benchmark nonlinear steel structure were all 
performed in a MATLAB environment.  This benchmark study, as a whole, could have 
been enhanced by the use of a nonlinear structural model created in a FE software to 
include P-∆ and panel zone effects as well as additional material behavior.  With the 
MPA method described in this study, communication between the structural model and 
model of the control device(s) can be possible.  The Li and Ou as well as Kim et al. 
studies can benefit from this MPA technique. Loh and Chang as well as Khaje-
Karamodin et al., due to their use of MR dampers as the control devices, would have 
benefited in particular from this research by directly employing the MR Damper Plugin 
with the MPA technique.  
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CHAPTER 3: VERIFICATION OF THE MPA MRD PLUGIN WITH 2DOF LINEAR 
OSCILLATOR 
3.1 Detailed Overview of Multiplatform Analysis Technique 
For the purpose of this study, the Multiplatform Analysis (MPA) technique has 
been developed and employed, specifically for use with the MR Damper Plugin to allow 
use of MATLAB-based MR damper models.  This simulation technique enables separate 
restoring force modules (i.e. a structure and control devices) to be modeled in separate 
environments while facilitating communication between the two.  The MPA technique 
allows for an analytical simulation to be carried out between the two modules, each of 
which is suited to model the dynamics of the particular module which is modeled within 
it.  This, in particular, addresses the longstanding issue of the inability of high level 
technical computing software, such as MATLAB, to accurately describe and track 
nonlinear structural behavior via dynamic analysis, while such software is ideal for 
describing the behavior of nonlinear control devices such as MR dampers.  The MPA 
technique enables the researcher to extract a nonlinear structure from a technical 
computing software environment, create a model in an environment that is more suitable 
to track the complex behavior that it presents and facilitate communication between the 
modules at each time step, allowing for a more robust simulation.   
The environment that has been employed in this study, UI-SimCor, was 
developed at the University of Illinois at Urbana-Champagne [Spencer et al., 2007].  For 
the purpose of this thesis study, a plugin to this software, the MR Damper Plugin, is 
developed.  When running an MPA, the structural displacements, from which velocities 
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and accelerations are determined via numerical integration, are tracked within the UI-
SimCor module at the specified control points of the structure, typically the nodes at 
which lumped masses are assumed.  The MR damper data (target displacements, 
velocities and current, as well as measured forces and displacements) is tracked within 
the MR Damper Plugin.  These two modules communicate via a TCP/IP communication 
protocol and the afore mentioned data is then saved into text files for future post 
processing.  The numerical integration technique that has been selected for these analyses 
is the central difference method [Chopra, 2011].  This technique was chosen due to its 
explicit nature, such that the displacement solution for the next time step is determined 
from the equilibrium equations established at the current time step.  This method does not 
require factorization of the effective stiffness matrix at each time step, whereas implicit 
methods do, making this algorithm computationally more efficient. 
 
3.2  Selected Structure and Input For Verification of MPA Technique 
A two-story steel structure is selected for verification of the MPA method as 
shown below in Figure 6.  This structure was chosen because existing experimental data 
from a real-time hybrid simulation (RTHS) is available for comparison with the results of 
the MPA data for further validation.   
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Figure 6. Seismically excited structure with control [Kim, 2011b]  
This shear frame structure is comprised of four 25.4 mm (1 in.) diameter columns 
and two rigid steel stories.  The structure is 1.8 m (70 in.) in height with two equal story 
heights of 0.9 m (35 in.).  The building model is assumed to be symmetric and to have 
lumped mass at the two stories.  The lumped masses are chosen such that the natural 
frequencies of the structure are 1 Hz and 2.62 Hz for the first and second modes, 
respectively.  A small scale MR fluid damper is located between the ground level and 
first story of the structure to provide the control forces for seismic protection.  A value of 
Rayleigh Damping of 5% is also assumed for the structure.  The resulting simplified 
mass, damping and stiffness matrices are for implementation in MATLAB are 
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The selected input for this study is the horizontal ground motion component of the 
1994 Northridge Earthquake recorded at the Arleta Fire Station.  The original ground 
motion record has a peak ground acceleration (PGA) of 0.31g.   
Due to limitations of the actuator in the RTHS that was conducted using this 
structure, to which the results of the MPA method are compared, the ground motion was 
scaled down by a factor of four.  Thus, the same scaling is used in this study [Kim, 
2011b]. 
 
3.3 Experimental Real Time Hybrid Simulation Study on Selected Structure 
A RTHS was conducted with the selected structure and an MR fluid damper 
connected at the first story.  This RTHS was conducted employing the convolution 
integral (CI) method, enabling convergent simulation results regardless of the size or 
complexity of the structural model.  The structure was subjected to a 25% scaled ground 
motion record from the 1994 Northridge Earthquake recorded at the Arleta Fire Station 
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and displacement time-histories were recorded for both the applications of passive and 
semi-active control strategies.  The passive control strategy provided constant amperage 
of either zero in one case or one amp in the other to the MR damper while the semi-active 
strategy employed an LQG primary controller and a bang-bang secondary controller 
[Kim, 2011b].   
 
3.4 Structural modeling for MPA 
The selected structure is modeled employing the finite element software, ZeusNL.  
The structural model is simplified to verify the MPA method.  The model is comprised of 
one column with lumped masses at each story.  Each inter-story column has the 
equivalent stiffness of the four columns of the selected structure and each story has the 
lumped mass associated with each story.  The natural frequencies of the resulting model 
match exactly with those of the MATLAB model.  Rayleigh Damping is also assumed to 
be 5%.  The resulting mass, damping and stiffness matrices are the same as shown above 
in (1).   
Each inter-story column is modeled with four intermediate nodes at 5%, 33%, 
66% and 95% of the inter-story column length as well as nodes at the story levels, where 
the lumped masses are placed.  The MR damper is connected to the structure at the node 
corresponding to the lumped mass at the first story.  These nodes are connected 
employing steel beam-column elements 35.92 mm (1.415 in.) in diameter with a Young's 
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modulus of 200,000 N/mm
2
 (29,000 ksi).  A model schematic is shown below in Figure 
7. 
 
Figure 7. Simplified model schematic (units in [mm]) 
 
3.5 Simulation Results 
To verify the MPA method, MPA simulations were conducted using the 
simplified two story shear structure for comparison with the RTHS results.  Also, a pure 
MATLAB simulation was conducted for further comparison.  As can be seen below in 
Figure 8, the MPA time history results matched very well with the experimental data as 
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well as the pure MATLAB simulation results with peak errors of 25%, 37% and 18% 
between the test data and pure MATLAB simulation for semiactive, passive on and 
passive off respectively and peak errors of 6%, 10% and 9% between the test data and 
MPA results for semiactive, passive on and passive off respectively. These results, 
particularly the matching of the dynamic characteristics of the structure-control device 
interaction, therefore verify the MPA method’s integrity for passive on, passive off and 
semiactive control simulations. 
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(a), (b), (c) 
Figure 8. MPA results compared with pure Matlab simulation and RTHS data (a) passive 
off (b) passive on (c) semiactive control 
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CHAPTER 4: SELECTED RC STRUCTURE AND ANALYSIS FORMULATION 
4.1 Selected RC Structure 
For the purpose of this study, a three-story, ordinary moment resisting concrete 
frame (OMRCF) structure has been selected.  This structure has been selected because 
experimental results under seismic conditions were available for verification of the 
analytical model [Kwon and Elnashai, 2005].  This structure was originally designed for 
the purpose of an experimental study.  The structure is comprised of three bays in the 
east-west direction and four bays in the north-south direction.  The story height is 3.7 m 
(12 ft), the bay width is 5.5 m (18 ft) and he total building height is 11 m (36 ft).  The 
structure is solely designed for gravity loads, as wind and seismic loads rarely govern for 
low-rise structures such as the one utilized in this study.  For this reason, the structure is 
not seismically detailed.  The provisions of ACI 318-89 code [ACI] were employed and 
Grade 40 steel (Fy = 276 MPa, 40 ksi) as well as ordinary Portland cement (f’c= 24 MPa, 
3.5 ksi) were the materials used in the design of the structure.  The plan and elevation of 
the selected structure are given below in Figure 9, where the frame selected for analysis is 
shaded.  For more complete design information, please see Bracci et al [Bracci et al, 
1992].  
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(a) Plan view 
 
(b) Elevation 
Figure 9.  Configuration of reference RC frame [Kwon and Elnashai, 2005] 
 
 
 
Model Representation
All Beams
23 cm x 46 cm
All Columns
30 cm x 30 cm
549 cm (18 ft) each span
5
4
9
 c
m
 (
1
8
 f
t)
 e
ac
h
 s
p
an
5
4
9
 c
m
 (
1
8
 f
t)
 e
ac
h
 s
p
an
C
o
lu
m
n
 (
3
0
 c
m
 x
3
0
 c
m
)
Slab (15 cm) Beam (23 cm x 46 cm)
549 cm (18 ft) each span
3
6
6
 c
m
3
6
6
 c
m
3
6
6
 c
m
C
o
lu
m
n
 (
3
0
 c
m
 x
3
0
 c
m
)
3
6
6
 c
m
3
6
6
 c
m
3
6
6
 c
m
29 
 
4.2 Selected Analysis Environment 
The analytical model has been developed within the Mid-America Earthquake 
Center’s analysis environment ZEUS-NL [Elnashai et al, 2002].   Elements that are 
capable of capturing both material and geometric non-linearities are available within 
ZEUS-NL.  The effects of large member deformations as well as the spread of inelasticity 
along a member’s length and across its section are well accounted for within the analysis 
environment through use of the Eurlerian approach towards non-linearity at the element 
level, and integration of the inelastic material response of the individual fibers that 
comprise the section to describe stress-strain states.  This eliminates the need for broad 
assumptions about moment-curvature relationships required by other analysis methods 
since the response is calculated at each time step employing inelastic material elements 
that account for stiffness and strength degradation [Kwon and Elnashai, 2005]. 
 
4.3 Model Verification- Structural Period 
In the numerical model, the beams are divided into seven elements, while the 
columns are divided into six.  The mass of the structure is concentrated at the beam-
column joints as shown below in Figure 10.  The Zeus NL model is also shown below in 
Figure 11. 
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Figure 10.  Configuration of analytical model [Kwon and Elnashai, 2006] 
 
Figure 11. Zeus-NL model 
C01 C11 C21 C21
17.8 N.sec2/mm per each mass 49.849 N
3658 mm
3429 mm
3658 mm
5486 mm 5486 mm 5486 mm
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The material properties stated above were taken from the reported test results of the 
experimental model.  The elastic structural periods were determined via eigenvalue 
analysis to be 0.898, 0.305, and 0.200 seconds for the first, second and third modes, 
respectively as seen below in Figure 12.   
 
 
 
 
 
 
Figure 12 . Dominant structural periods and mode shapes [Kwon and Elnashai, 2005] 
 
A snap-back test was run by Bracci et al before running the shake table 
experiments to estimate the natural periods of the 1/3 scale specimen [Bracci et al, 1992].  
It was found that the periods, once converted to full scale employing similitude laws were 
0.932, 0.307 and 0.206 seconds for the first, second and third modes, respectively.  These 
experimental values under small amplitude testing are roughly 3-4% longer than the 
analytical values, which may be due to minor cracking of the test specimen.  The 
proximity of the natural period values lend fidelity to the analytical model.  
 
 
 
 
T=0.898 sec     T=0.305 sec      T=0.200 sec 
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4.4 Model Verification- Time-History Analysis 
The damping ratio for this structure was taken from the results of a snap-back test 
[Bracci et al, 1992] and a value of 5% Rayleigh damping was used.  For more moderate 
and intense ground motions of 0.20g and 0.30g, solely hysteretic damping was employed 
in the verification.  While the simulation at 0.05g excitation does not match very well 
with the experimental data, the simulations at 0.2 and 0.3g match very well with the data.   
This phenomenon can be attributed to the difficulty in estimating the damping under low 
ground motion excitation as well as the difficulty in modeling initial cracks due to curing 
and set-up of the experimental specimen.  At higher level ground motions, the fully 
cracked specimen behaves inelastically and this behavior dominates the effect of initial 
cracking and small amplitude damping [Kwon and Elnashai, 2005].  Due to good 
agreement between the moderate and high ground motion simulations with the 
experimental data, the analytical model can be assumed to represent the experimental 
specimen very well.  These verifications of the analytical model and analysis 
environment provide confidence in the use of the analytical model within this framework 
for this study. 
 
4.5 MPA Adaption for Complex RC Structure / Multiple MR Dampers 
To employ the MPA technique on the complex RC structure, modifications were 
made to the UI-SimCor and MR Damper Plugin master simulation files.  In the UI-
SimCor module, lumped masses needed to be accounted for at twelve locations (at each 
beam-column connection for the four columns at three stories) rather than two (one at 
each story) for the linear oscillator and monitoring nodes for the RC structure needed to 
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be determined.   The monitoring nodes were determined to be the beam-column 
connections at the first interior column of the frame (nodes two, six and ten) as nodes two 
and six were the locations at which the damper forces acted on the structure.  These 
monitoring nodes also provided the controller for the semi-active case with the 
acceleration feedback (via numerical integration of the saved displacements) that was 
necessary as input to the controller.  The MR Damper Plugin also needed to be updated to 
employ two dampers at separate locations by allowing two MRD modules to run 
simultaneously. 
 
4.6 Selected Performance Criteria 
 To measure the performance of this structure under various ground motion 
excitations, three limit states are adopted for comparison to the structural response.  
These limit states are defined by the first yielding of reinforcement, the development of 
maximum member strength and by maximum confined concrete strain.  These limit states 
were defined by Kwon et al [Kwon and Elnashai, 2005] via adaptive pushover analysis.  
These limit states will be deemed ‘serviceability’, ‘damage control’ and ‘collapse 
prevention’, respectively.  For this study, interstory drift (ID) is used as the global 
measure of damage, and therefore local damage occurring to any individual structural 
element is not considered.  The ID is defined as the ratio of relative displacement              
( 1i i  ) between successive stories to the story height ( ih ).  
1i i
i
i
ID
h
    (2) 
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This limit state has been defined at the first story and is assumed to be applicable 
to the second and third stories as well.  These limit states for interstory drift are 0.57% for 
serviceability or first yielding of the steel within the sections, 1.2% for damage control 
and 2.3% for collapse prevention.   
   
4.7 Ground Motion Selection 
The selection of ground motion records was performed taking into account 
Probabilistic Seismic Hazard Analysis (PSHA) by utilizing 2008 NSHMP PSHA 
Interactive Deaggregation web site [2008 Interactive Deaggregations].  The selected site 
was Ontario, CA (117.651
o
 W, 34.063 N) with a soil classification of NEHRP C rock.  
The return period criteria was determined to allow a 2% and 10% probability of 
exceedance in 50 years for the two hazard level cases in this study, as shown in Figure 13 
and Figure 14. 
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Figure 13.  PSHA for 2% in 50 years from USGS 
 
Figure 14.  PSHA for 10% in 50 years from USGS 
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As shown in Figure 15 and Figure 16, the Conditional Mean Spectra [Baker, 
2011] were produced by using the selected attenuation relationships accounting for 
PSHA from the USGS, where the initial period of interest is assumed to be 1 sec which is 
close to the first period (0.898 sec) of the selected structure. 
 
Figure 15.  Selected attenuation relationships and Conditional Mean Spectra for 2% in 50 
years 
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Figure 16.  Selected attenuation relationships and Conditional Mean Spectra for 10% in 
50 years 
Strong ground motion records for the dynamic analysis were selected from the 
Pacific Earthquake Engineering Research (PEER) next generation attenuation (NGA) 
project database. To match with the Conditional Mean Spectra (target spectra), the 
original records were scaled and the scale factors are shown in Table 1. 
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Figure 17. Selected record for 2% in 50years 
 
Figure 18. Selected record for 10% in 50years 
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Table 1. Selected strong ground motion 
Hazard Level Event Station Rrup 
(km) 
Soil, 
Vs30(m/s) 
Component PGA Scale 
Factor 
Reference 
Name 
10% in 50 
years 
Hector Mine 
(1999, Mw 7.1) 
Joshua Tree 31.1 379.3 EW 0.15 1.52 HM_22170090 
NS 0.19 0.96 HM_22170360 
Loma Prieta 
(1989, Mw 6.9) 
SF - Presidio 77.4 594.5 EW 0.20 1.08 LP_PRS090 
Northridge 
(1994, Mw 6.7) 
LA - Wadsworth 
VA Hospital South 
23.6 413.8 EW 0.30 1.26 NO_5082-235 
LA - Wadsworth 
VA Hospital North 
23.6 392.2 EW 0.25 1.70 NO_5082A-235 
NS 0.25 1.14 NO_5082A-325 
Sunland - Mt 
Gleason Ave 
13.3 446 EW 0.16 1.11 NO_GLE260 
LA - UCLA 
Grounds 
22.5 398.4 EW 0.28 1.37 NO_UCL090 
San Fernando 
(1971, Mw 6.6) 
Lake Hughes #1 27.4 425.3 NS 0.14 1.14 SF_L01021 
Castaic - Old 
Ridge Route 
22.6 450.3 EW 0.27 0.96 SF_ORR291 
2% in 50 
years 
Loma Prieta 
(1989, Mw 6.9) 
BRAN 10.7 376.1 NS 0.48 0.63 LP_BRN000 
Golden Gate 
Bridge 
79.8 641.6 EW 0.23 1.03 LP_GGB270 
NS 0.12 1.83 LP_GGB360 
Hollister - South & 
Pine 
27.9 370.8 NS 0.37 0.65 LP_HSP000 
Palo Alto - SLAC 
Lab 
30.9 425.3 EW 0.19 1.35 LP_SLC270 
NS 0.28 1.61 LP_SLC360 
WAHO 17.5 376.1 NS 0.40 0.86 LP_WAH000 
Northridge 
(1994, Mw 6.7) 
Sunland - Mt 
Gleason Ave 
13.3 446 EW 0.16 1.80 NO_GLE260 
Leona Valley #5 - 
Ritter 
37.8 446 NS 0.15 1.71 NO_LV5000 
Sylmar - Olive 
View Med FF 
5.3 440.5 EW 0.60 0.58 NO_SYL090 
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4.8 Semi-Active Control Design  
To achieve a successfully designed controller, a linear state-space model of the 
building structure of interest was created in a MATLAB environment.  This state-space 
model is capable of tracking and outputting the necessary acceleration feedback 
information that the control algorithm needs to estimate the necessary control forces to 
reduce the structure’s response.   The resulting model has 24 states.  A reduced order 
model with 14 states was developed for the purposes of controller design.  The model 
was established by computing a balanced state-space realization of the full system and 
removing the states associated with small Hankel singular values.  The resulting state-
space model is of the form 
 ̇                     ̈  
                                                 (3) 
where   is the design state vector,    [                ̈ 
    ̈ 
    ̈ 
 ] T is the vector of  (4) 
measured responses (interstory drifts and absolute accelerations at each story),   is the 
control force of the individual control device neglecting actuator dynamics,  ̈  is the 
ground motion and                        and      are the reduced order coefficient 
matrices.   
For the control design, a Kanai-Tajimi filter was prepended to the state-space 
model of the system to account for the specific spectral energy of the selected ground 
motions.  The filter is of the form 
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 ̇                   
            ̈                                 (5) 
where      is the Kanai-Tajimi state vector,   is a broadband, stationary white noise and 
                and      are the Kanai-Tajimi coefficient matrices.  A schematic of how the 
two state-space systems are combined is shown below in Figure 19.
 
Figure 19.  Kanai-Tajimi Filter prepended to reduced order structural model 
 The resulting state-space system is an 18 state combination of the original system 
and the state-space model of the filter.  This new system is described by 
 ̇                
                              (6) 
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where   [
     
 
]  is the state vector of the combined system and            (7) 
       [
     
           
]           (8) 
            [
 
     
]            (9) 
        [
    
         
]          (10) 
       [           ]         (11) 
                          (12) 
and 
                                (13) 
are the combined system coefficient matrices.   
 For the purpose of this study, a Linear Quadratic Regulator (LQR) control design 
was developed for a single MR damper.  To generalize the design of the controller, 
through the use of the Kanai-Tajimi filter,  ̈  is taken to be a stationary white noise and 
an infinite horizon performance index is chosen that weights the interstory drifts of the 
stories.  This performance index is of the form 
           ̂        
 
 
 [∫ {  
      
   }  
 
 
]        (14) 
where  
         ̃    ̃     ̃             (15) 
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where  ̃   ̃   and  ̃   are the first three rows of        and     respectively, i.e. 
        [             ] 
T
         (16) 
  is a [3 x 3] weighting matrix to determine the critical feedback information and   is a 
[1 x1] identity matrix since there is a single damper assumed in the design.  The value of 
  is scaled with a gain to adjust the aggressiveness of the controller. 
 The separation principal allows the control and estimation problems to be 
considered separately, yielding a control law of the form [Stengel 1986; Skelton 1988] 
         ̂          (17) 
where  ̂ is the Kalman Filter estimate of the state vector,  , based on the reduced order 
design model appended to the Kanai-Tajimi filter.  By the certainty equivalence principal 
[Stengel 1986; Skelton 1988],      is the full state feedback gain matrix for the 
deterministic regulator problem given by 
          ̃
  ( ̃     
  )         (18) 
Where   is the solution to the algebraic Riccati equation given by 
        ̃   ̃        ̃
     
    ̃        (19) 
and  
     ̃   ̃ 
   ̃   ̃ ̃
   ̃          (20) 
     ̃   ̃ 
   ̃               (21) 
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     ̃     ̃  
   ̃            (22) 
     ̃         ̃
   ̃          (23) 
Calculations to determine      were done using the MATLAB.   
 The Kalman Filter optimal estimator is given by 
     ̇̂     ̂        (    ̃  ̂   ̃   )       (24) 
where  ̂ is the estimated state vector, 
         ̃    ̃     ̃             (25) 
where  ̃   ̃  , and  ̃   are the last three rows of       , and     respectively, i.e. 
       [ ̈ 
      ̈ 
      ̈ 
 ] T         (26) 
and   is the measurement noise.  The observer gain matrix,  , is determined in MATLAB 
with unbiased and uncorrelated process noise   and measurement noise  .  Calculations 
to determine   were completed using the MATLAB.   
 A secondary controller was also implemented in this study.  Given the optimal 
control force,   , the current to the damper was controlled using a bang-bang controller 
[Dyke and Spencer, 1996a] to achieve clipped optimal control.   
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4.9 Performance of Semiactive Control With Control Design Model 
The controller designed for this study was verified with the control design model 
of the structure of interest.  This was completely modeled in a MATLAB/Simulink 
environment.  A state-space model of the structure was placed in a Simulink block with 
inputs of ground motion excitation and damper forces (one damper at the first story and 
dampers at the first and second story).  The outputs of this block are displacements, 
velocities and accelerations, the last of which were fed into the controller block 
containing the state-space model of the controller.  The controller block then fed the 
desired force(s) into a hypertangent MR damper model which in turn fed the actual 
damper forces back into the structure.  For both cases (one damper at the first story and 
dampers in both locations) the benefit of semiactive control was shown.  For the stories in 
which passive on or passive off control seemed to perform better for any given event, 
semiactive control seemed to take the better performance at each story while creating a 
more congruent interstory drift across all floors.  These results are shown in detail in the 
following results chapter in which the nonlinear simulation results are compared to the 
linear verification of the controller. 
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CHAPTER 5: ANALYSIS RESULTS 
5.1 Comparison Between Control Design and Nonlinear Analyses 
To show the importance of this study in higher fidelity simulation results for 
structural control scenarios, the results of the nonlinear MPA simulations are compared to 
the pure MATLAB simulations from which the controller was verified.  The differences 
in the results demonstrate the need to include nonlinear structural behavior in the analysis 
of structures with nonlinear material properties, as the structural model that more closely 
describes the physical specimen will garner results more probable to match responses in 
an actual event.  This example will also demonstrate the shortcomings of a linearly 
designed controller employed in nonlinear applications or linear applications that go 
nonlinear in extreme hazards, as the control performance is not as effective when applied 
to the nonlinear structure. 
As identified in the control design chapter, the controller’s aggressiveness and 
target areas are determined by the Q and R weighting matrices.  It was found that 
adjusting the Q matrix to weight the critical feedback information from each story lead to 
better performance under some ground motions while sacrificing performance under 
other ground motions.  The most consistent performance came about from weighting the 
feedback from the first story, at the connection point of the first story control device or 
between the control devices, depending on the control device placement.  The weighting 
matrix Q used in this study is thus chosen of the form 
  [
   
   
   
]              (27) 
Since there is only one damper assumed in the design of the controller, which is 
then applied at both stories in the two damper case, the R matrix is a [1x1] identity matrix 
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that is weighted with a value of 2e-7.  These parameters were optimized through a 
number of trials and ultimately define the controller’s performance. The unbiased and 
uncorrelated process noise   and measurement noise   had the following covariance.   
     [  ]              (28) 
     [   ]                (29) 
 
The results shown below will demonstrate the single event record that, in the 
controller verification, outperformed the rest in each damper location and return period 
case that was studied.  For a complete tabulation of the linear (control design) versus 
nonlinear structural model force-displacement results, please be directed to Appendix A, 
for linear (control design) structural model simulation interstory drift results, Appendix 
B, and for nonlinear structural model simulation results including interstory drift and 
force-displacement curves, Appendix C. 
The first case is the application of a single damper between the ground level and 
first story.  For a more severe earthquake, one with a probability of exceedance in 50 
years of 2%, the most promising results obtained for the controller were achieved under 
excitation from the LP_GGB360 record.  In this case, the control scheme reduces the 
response across the second limit state threshold, therefore preventing significant damage 
beyond yielding of the steel.  Reductions of 46%, 40% and 43% are achieved at the first, 
second, and third stories respectively from the semiactive to the uncontrolled case.  The 
next case is configured with the same damper arrangement of one damper between the 
ground and first story, but under excitation from a less severe earthquake, one with a 
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probability of exceedance in 50 years of 10%.  For this case, the most promising results 
shown by the controller used in this study were under excitation via the HM_22170090 
record.  In this case, damage is controlled at the second story to just beyond yielding of 
the steel while at the first and third stories, yielding is prevented by the control.  Here, 
reductions of 57%, 35% and 38% are achieved at the first, second, and third stories 
respectively from the semiactive to the uncontrolled case.     
The following two cases employ dampers both between the ground and first story 
as well as between the first and second stories.  For the case in which the probability of 
exceedance in 50 years is 2%, the most promising results were found under excitation 
from the NO_LV5000 record.  In this case, damage control is achieved at each story by 
reducing the interstory drift below the first limit state from above the second limit state at 
the first two stories and above the first limit state at the third story.  At each story, 
employing semiactive control prevents yielding of the reinforcing steel.  Reductions, in 
this case, of 66%, 67% and 66% are achieved at the first, second, and third stories 
respectively from the semiactive to the uncontrolled case.  For the case of 10% 
exceedance probability in 50 years, the best results were found under excitation via the 
NO_5082-235 record.  In this case, the response is reduced to prevent yielding that 
occurs at the first and third stories by the use of control.  The second story still 
experiences yielding but not to the point of excessive damage.  Reductions of 35%, 37% 
and 41% are achieved at the first, second and third stories respectively. 
As can be seen below in Figures 20 through 23 (a) and (b), the interstory drift 
reduction is much more noticeable for the control design case than the nonlinear case.  
This is likely due to the development of damage in the nonlinear structure, as the linear 
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model does not allow for nonlinear stress strain relationships beyond certain set limit 
states.  The performance of the controller in the control design simulation in capturing the 
best of the passive on and passive off attributes is also shown in reduction of interstory 
drift values where either passive on or passive off was outperformed by the other.  It 
should also be noted that the controller was designed for the 2% probability of 
exceedance in 50 years case, as this is the more severe of the events considered, and this 
is why the results for the more intense ground motion records show a better performance 
in across the board interstory drift reduction.   
It can also be seen in Figures 20 through 23 (c) that the damper in the nonlinear 
semiactive simulation experiences significantly higher forces under lower displacements 
as well as higher maximum displacements than the linear case.  This is also likely due to 
damage occurring in the nonlinear structure, therefore creating a higher demand on the 
energy dissipation element under smaller displacements as well as creating overall larger 
displacements. 
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Figure 20. One Damper, First Story, 2% (a) Interstory drift, linear case, (b) Interstory 
drift, nonlinear case, (c) Semiactive force-displacement comparison between linear and 
nonlinear cases 
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Figure 21. One Damper, First Story, 10% (a) Interstory drift, linear case, (b) Interstory 
drift, nonlinear case, (c) Semiactive force-displacement comparison between linear and 
nonlinear cases 
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Figure 22. Two Dampers, 2% (a) Interstory drift, linear case, (b) Interstory drift, 
nonlinear case, (c) Semiactive force-displacement comparison between linear and 
nonlinear cases 
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Figure 23. Two Dampers, 10% (a) Interstory drift, linear case, (b) Interstory drift, 
nonlinear case, (c) Semiactive force-displacement comparison between linear and 
nonlinear cases 
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5.2 Effect of MR Damper on Non-seismic RC Structure 
5.2.1 Probability of Return in 50 Years of 10% 
 As can be seen in the results of this study, the MR damper dissipates more energy 
than the structure is able to alone.  This leads to a reduction of interstory drift in most 
situations.  Since the controller was designed for a linear structure and for the 2% 
probability of return in 50 years ground motion spectra, the benefit of semiactive control 
is not necessarily shown in this case.   
Interstory drift was reduced in eight of the 20 cases such that a limit state 
threshold was surpassed.  For the single damper case, in the HM_2217090 record, 
damage was avoided at the first story for passive on control and in the NO_5082A-325 as 
well as the SF_ORR291 case, yielding was prevented at the first story for the passive on 
control case.  For the two damper case, collapse is prevented at the second story in the 
HM_2217090 excitation case for both passive on and semiactive control and damage is 
prevented at the second story for both passive on and semiactive control in the 
SF_L01021 excitation case.  Yielding is prevented at the first story for passive on and 
semiactive control for the NO_5082A-325 excitation case and only for passive on control 
in the NO_UCL090 and SF_ORR291 excitation cases. 
In all the cases, the most promising results in reducing interstory drift are shown 
by employing passive on control, in which the most energy is dissipated from the 
dynamic load imparted on the structure, leading to the largest reduction in interstory drift.   
The paramount example of this for the single damper at the first story is the 
HM_22170360 excitation case.  While a reduction across limit state thresholds was not 
achieved in this case, a reduction in interstory drift of 18%, 6% and 4% for the first, 
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second and third stories respectively.  Seen below in Figure 24 (a) is the interstory drift 
results from this dynamic event and it is clearly shown that the best results are captured in 
the passive on case.   
The best performing example of this for the case in which dampers are placed at 
the first and second stories is also the HM_22170360 excitation case.  Again, a reduction 
across limit state thresholds was not achieved but a reduction in interstory drift of 28%, 
22% and 8% for the first, second and third stories respectively.  Seen below in Figure 25 
(a) is the interstory drift results from this ground motion record and it is again clearly 
shown that the best results are captured by employing passive on control.   
In both cases mentioned above, a great deal more energy is dissipated throughout 
the dynamic event in the passive on case than in the passive off case, as well as slightly 
more than the semiactive case.  This can be seen in Figures 24 and 25 (b), in the 
hysteretic force-displacement plots, in which the loop is larger for the passive on case 
than the others, lending to the concept that more energy is being dissipated. 
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Figure 24. One Damper, First Story, 10% (a) Interstory drift, (b) Force-displacement 
hysteretic loop for all control cases 
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Figure 25. Two Dampers, 10% (a) Interstory drift, (b) Force-displacement hysteretic 
loop for all control cases 
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5.2.2 Probability of Return in 50 Years of 2% 
Again, as can be seen in the results of this study, the MR damper dissipates more 
energy than the structure is able to alone.  This, again, leads to a reduction of interstory 
drift in most situations.  Since the controller was designed for a linear structure, and even 
though it was designed for the 2% probability of return ground motion spectra, the 
benefit of semiactive control is not shown here.   
In this case, limit state thresholds for interstory drift are surpassed in 10 of the 20 
cases.  For the single damper case, collapse is prevented at the first story, while it is 
induced at the second story for both passive on and semiactive control for the 
LP_SLC270 excitation case.  Damage is prevented at the second story employing passive 
on control for the LP_BRN000 excitation case and yielding is prevented at the first story 
for the NO_LV5000 excitation case, again employing passive on control.  In the two 
damper case, collapse is prevented at the first story for passive on control in the 
LP_SLC270 excitation case (although damage is induced at the third story), is prevented 
at the second story for the LP_GGB270 excitation case for passive on control and is 
prevented at the second story for both passive on and semiactive control in the 
NO_SYL090 excitation.  Damage is prevented at the second story for all control cases in 
the LP_BRN000 excitation case and yielding is prevented at the first story for both 
passive on and semiactive control for the LP_WAH000 excitation case. 
Again, the most promising results in reducing interstory drift are shown in the 
passive on case, in which the most energy is dissipated from the dynamic load imparted 
on the structure, leading to the largest reduction in interstory drift.   
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In the case of a single damper at the first story for this hazard level, in a number 
of excitation cases such as LP_GGB270, LP_SLC270 and LP_SLC360, the application 
of structural control actually decreases the structures ability to withstand the dynamic 
event at stories above where the control is employed.  This is likely due to a stiffening of 
the first story at the control device which adds demand to the stories above that are free to 
vibrate.   
The most effective simulation in the single damper case was under the 
LP_WAH000 excitation case.  While a reduction across limit state thresholds was not 
achieved in this case, a reduction in interstory drift of 19%, 10% and 8% for the first, 
second and third stories respectively.  Seen below in Figure 26 (a) is the interstory drift 
results from this dynamic event and it is clearly shown that the best results are captured in 
the passive on case.     
The most effective simulation in the two damper case was again under the 
LP_WAH000 excitation case.  A reduction across limit state thresholds was achieved at 
the first story in this case, preventing yielding of the steel in the sections, but not for the 
other stories.  Also, a reduction in interstory drift of 35%, 25% and 14% was achieved for 
the first, second and third stories respectively.  Seen below in Figure 27 (a) is the 
interstory drift results from this dynamic event and it is clearly shown that the best results 
are captured in the passive on case.   
In both cases mentioned above, a great deal more energy is dissipated throughout 
the dynamic event in the passive on case than in the passive off case, as well as slightly 
more than the semiactive case.  This can be seen in Figures 26 and 27 (b), in the 
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hysteretic force-displacement plots, in which the loop is larger for the passive on case 
than the others, lending to the concept that more energy is being dissipated. 
 
Figure 26. One Damper, First Story, 2% (a) Interstory drift, (b) Force-displacement 
hysteretic loop for all control cases 
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Figure 27. Two Dampers, 2% (a) Interstory drift, (b) Force-displacement hysteretic loop 
for all control cases 
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CHAPTER 6: CONCLUSIONS 
The protection of civil structures under extreme dynamic loading events is of 
paramount interest to structural engineers as there is an inherent responsibility in this 
profession to protect the human and material contents of the built infrastructure.  When a 
structure is inadequately designed for such events, such as in the case of an older 
structure that was designed before the advent of strict codes to ensure structural safety in 
large dynamic events, a structure may need to be retrofit with devices capable of ensuring 
the structure will endure such events.  This study has presented a new technique for more 
robust numerical simulation of said structures fit with energy dissipation devices, 
specifically MR dampers, in both retrofit and new structures to withstand these hazards.   
In the past, simulations including structures fitted with energy dissipation devices 
such as MR dampers have been completed in analysis environments that have not suited 
the particular intricacies of both subjects being modeled.  Structures are best modeled in 
nonlinear finite element programs, which are ideal for modeling the behavior of 
structures with nonlinear structural materials, such as reinforced concrete, while MR 
dampers and their controllers have been modeled in technical computing software 
environments that capably describe their nonlinear behavior.  The MPA technique 
enables engineers and researchers to effectively leave each component in its preferred 
environment and run a dynamic simulation between the two, rather than move one 
component into an environment it is not suited to be modeled in.   
There have been a number of studies completed in the past that have explored the 
structural control of nonlinear steel and reinforced concrete structures, through the use of 
nonlinear controllers, novel device configurations and dissipation devices.  All of these 
studies would benefit from this proposed MPA technique, enabling the researchers to 
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provide more accurate models of each component, leading to more robust and accurate 
results.   
The MPA technique and MR Damper Plugin were verified by employing a two 
degree-of-freedom linear oscillator, for which experimental results already existed.  Even 
with a structure comprised of linear materials, the ability to create a higher fidelity model 
in the finite element program Zeus-NL provided that the results of the MPA simulation 
matched the RTHS results as well as the original model completed in a pure MATLAB 
setting.   
To further illustrate the abilities of this technique, the structural control of a three 
story, non-seismically detailed OMRCF structure was studied.  Twenty ground motion 
records were selected, ten of which had a probability of return within 50 years of 10%, 
ten of which had a probability of return within 50 years of 2%.  A linear semiactive 
LQRY control design was completed to target the first, second and third modes of the 
structure.  It was designed to target frequencies likely to appear in the 2% return rate 
case, as these ground motions were more severe.  
The results of employing structural control with a linear version of the structure of 
interest were very promising, verifying the ability of the controller.  To show how to 
employ the MPA technique and the MR Damper Plugin with a more complex and 
nonlinear structure, the same analyses were conducted with the nonlinear structure 
through the UI-SimCor and MR Damper Plugin that make up the MPA technique.  The 
results of this study were less promising than those of the control design simulations for 
the reason that the controller had been designed for a linear structure.  Nonetheless, the 
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MPA technique was executed successfully and gave expected results for the inputs that 
were chosen. 
The fact that the employment of the linear controller in a nonlinear structure was 
not nearly as effective as the employment of the same controller in a linear structure 
shows the true merit of this thesis study.  Many structures behave nonlinearly when 
dynamically excited and it is of paramount importance to capture that behavior in the 
analysis of control strategies to mitigate damage.  The tool laid out in this thesis creates 
the environment to successfully do so.  This both saves the time and money involved in 
numerous experimental studies, as analytical studies can easily be performed to tune and 
assess the controllers beforehand.  The MPA technique opens the door to further 
developing and properly assessing the performance of differing control strategies 
employed in structural system models that more closely predict the actual behavior of the 
structures.     
Future work in this study would include the application of more robust nonlinear 
controllers such as fuzzy logic and neural network controllers.  This tool can be 
effectively used to further compare the performance of differing controllers with linear 
and nonlinear structures as well.  This technique is also not limited to MR dampers, but 
can be altered to couple many structural components that are best modeled in different 
analysis environments. 
The MPA technique has a bright future in helping engineers better understand the 
interaction of nonlinear structures with other structural components or control devices.  
Such a powerful tool will create the ability to not only better simulate existing ideas, but 
give insight and more confidence into the development of new control techniques.    
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APPENDIX A: LINEAR VERSUS NONLINEAR SEMIACTIVE FORCE-
DISPLACEMENT RESULTS 
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One Damper First Story 2% Exceedance Probability
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Two Dampers 10% Exceedance Probability
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Two Dampers 2% Exceedance Probability
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APPENDIX B: LINEAR INTERSTORY DRIFT RESULTS 
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Note: In all plots in Appendices B and C, red corresponds to passive off, blue to passive 
on, green to semi-active and black to uncontrolled 
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One Damper First Story 2% Exceedance Probability 
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Two Dampers 10% Exceedance Probability 
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Two Dampers 2% Exceedance Probability 
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One Damper First Story 10 % 
    Interstory Drift [%] 
Record Control 1st Story 2nd Story 3rd Story 
HM_22170090 Uncontrolled 0.9546 1.0401 0.648 
  Passive On 0.0906 0.7543 0.5421 
  Passive Off 0.8544 0.9522 0.5663 
  Semiactive 0.4057 0.6698 0.4027 
HM_22170360 Uncontrolled 0.8876 1.0937 0.7725 
  Passive On 0.0802 0.6998 0.4889 
  Passive Off 0.7011 0.8399 0.5697 
  Semiactive 0.3698 0.6176 0.358 
LP_PRS090 Uncontrolled 0.9905 1.0542 0.6733 
  Passive On 0.1386 0.8539 0.6268 
  Passive Off 0.764 0.861 0.5287 
  Semiactive 0.5842 0.7813 0.4419 
NO_5082-235 Uncontrolled 0.8565 1.0995 0.8234 
  Passive On 0.2761 1.0007 0.8358 
  Passive Off 0.7403 0.9321 0.6504 
  Semiactive 0.4167 0.8068 0.6058 
NO_5082A-235 Uncontrolled 0.8647 1.0719 0.7939 
  Passive On 0.3008 0.997 0.7737 
  Passive Off 0.866 1.0929 0.7559 
  Semiactive 0.4269 0.991 0.6918 
NO_5082A-325 Uncontrolled 0.8564 1.095 0.8525 
  Passive On 0.0838 0.7204 0.6938 
  Passive Off 0.6336 0.7736 0.5498 
  Semiactive 0.5926 0.7508 0.495 
NO_GLE260 Uncontrolled 0.8828 1.0812 0.7393 
  Passive On 0.0829 0.7577 0.542 
  Passive Off 0.7799 0.9418 0.5926 
  Semiactive 0.5801 0.7708 0.5103 
NO_UCL090 Uncontrolled 1.0264 0.9978 0.6546 
  Passive On 0.3911 1.1328 0.7485 
  Passive Off 0.7974 0.8513 0.544 
  Semiactive 0.7412 0.848 0.535 
SF_L01021 Uncontrolled 0.9878 1.0404 0.5762 
  Passive On 0.1484 0.8364 0.6233 
  Passive Off 0.8012 0.8804 0.5267 
  Semiactive 0.7118 0.8505 0.5215 
SF_ORR291 Uncontrolled 0.9576 1.0734 0.7363 
  Passive On 0.1128 0.8663 0.6323 
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  Passive Off 0.6916 0.8695 0.5909 
  Semiactive 0.6282 0.8301 0.5704 
<Limit State 1  <Limit State2  <Limit Sstate 3  >Limit State3 
 
One Damper First Story 2 % 
    Interstory Drift [%] 
Record Control 1st Story 2nd Story 3rd Story 
LP_BRN000 Uncontrolled 1.5173 1.7339 1.0499 
  Passive On 0.4855 1.2881 0.9485 
  Passive Off 1.1555 1.2969 0.7724 
  Semiactive 0.8753 1.074 0.6483 
LP_GGB270 Uncontrolled 1.487 1.7498 1.0658 
  Passive On 0.2009 0.7901 0.511 
  Passive Off 1.2005 1.3535 0.8384 
  Semiactive 1.0978 1.2541 0.8139 
LP_GGB360 Uncontrolled 1.4147 1.7789 1.1482 
  Passive On 0.5804 1.3309 0.9289 
  Passive Off 1.0846 1.3555 0.8695 
  Semiactive 0.7546 1.0671 0.649 
LP_HSP000 Uncontrolled 1.6127 1.6714 0.9816 
  Passive On 0.5266 1.2092 0.8435 
  Passive Off 1.29 1.404 0.8192 
  Semiactive 1.0526 1.2064 0.7186 
LP_SLC270 Uncontrolled 1.4749 1.751 1.1108 
  Passive On 0.3921 1.1068 0.7998 
  Passive Off 1.2233 1.4401 0.9114 
  Semiactive 0.8688 1.0572 0.6285 
LP_SLC360 Uncontrolled 1.415 1.7538 1.2229 
  Passive On 0.6394 1.2697 1.0169 
  Passive Off 1.1892 1.4018 0.9519 
  Semiactive 0.9347 1.2713 0.8807 
LP_WAH000 Uncontrolled 1.6298 1.7417 1.0562 
  Passive On 0.2898 1.0917 0.7981 
  Passive Off 1.1648 1.3181 0.774 
  Semiactive 0.9262 1.1713 0.7334 
NO_GLE260 Uncontrolled 1.4326 1.7544 1.1997 
  Passive On 0.3741 1.1362 0.8367 
  Passive Off 1.3007 1.5598 0.9816 
  Semiactive 0.9522 1.269 0.8438 
NO_LV5000 Uncontrolled 1.5074 1.7333 1.0707 
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  Passive On 0.3894 1.1235 0.9067 
  Passive Off 1.1171 1.2274 0.7549 
  Semiactive 0.9566 1.1595 0.7377 
NO_SYL090 Uncontrolled 1.61 1.7243 0.9553 
  Passive On 0.1794 1.025 0.8118 
  Passive Off 1.2332 1.3509 0.7696 
  Semiactive 0.8218 0.995 0.538 
<Limit State 1  <Limit State2  <Limit Sstate 3  >Limit State3 
 
Two Dampers 10 % 
    Interstory Drift [%] 
Record Control 1st Story 2nd Story 3rd Story 
HM_22170090 Uncontrolled 0.9546 1.0401 0.648 
  Passive On 0.0947 0.063 0.4077 
  Passive Off 0.701 0.7714 0.4695 
  Semiactive 0.6844 0.7546 0.4611 
HM_22170360 Uncontrolled 0.8875 1.0937 0.7725 
  Passive On 0.0913 0.0797 0.4764 
  Passive Off 0.5733 0.6558 0.4455 
  Semiactive 0.5209 0.5916 0.4113 
LP_PRS090 Uncontrolled 0.9905 1.0542 0.6733 
  Passive On 0.2708 0.1954 0.5148 
  Passive Off 0.6232 0.7365 0.4705 
  Semiactive 0.5597 0.6527 0.4383 
NO_5082-235 Uncontrolled 0.8565 1.0995 0.8234 
  Passive On 0.3103 0.0862 0.4838 
  Passive Off 0.6143 0.7717 0.5291 
  Semiactive 0.5544 0.6946 0.4892 
NO_5082A-235 Uncontrolled 0.8647 1.0719 0.7939 
  Passive On 0.4088 0.3287 0.5696 
  Passive Off 0.8797 1.0508 0.698 
  Semiactive 0.8705 1.0494 0.7043 
NO_5082A-325 Uncontrolled 0.8564 1.095 0.8525 
  Passive On 0.1351 0.0453 0.3564 
  Passive Off 0.492 0.5927 0.4072 
  Semiactive 0.4613 0.554 0.3927 
NO_GLE260 Uncontrolled 0.8828 1.0812 0.7393 
  Passive On 0.0932 0.0559 0.3644 
  Passive Off 0.5675 0.7024 0.4573 
  Semiactive 0.546 0.674 0.4412 
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NO_UCL090 Uncontrolled 1.0264 0.9978 0.6546 
  Passive On 0.2059 0.0812 0.5167 
  Passive Off 0.6301 0.7104 0.4146 
  Semiactive 0.6027 0.6523 0.3905 
SF_L01021 Uncontrolled 0.9878 1.0404 0.5762 
  Passive On 0.0682 0.0375 0.302 
  Passive Off 0.6588 0.7344 0.4513 
  Semiactive 0.6478 0.7239 0.4479 
SF_ORR291 Uncontrolled 0.9576 1.0734 0.7363 
  Passive On 0.1886 0.1135 0.4793 
  Passive Off 0.5198 0.6643 0.4537 
  Semiactive 0.477 0.6114 0.4318 
<Limit State 1  <Limit State2  <Limit Sstate 3  >Limit State3 
 
Two Dampers Story 2 % 
    Interstory Drift [%] 
Record Control 1st Story 2nd Story 3rd Story 
LP_BRN000 Uncontrolled 1.5173 1.7339 1.0499 
  Passive On 0.354 0.2911 0.6762 
  Passive Off 0.8154 0.9688 0.5875 
  Semiactive 0.5916 0.6616 0.4437 
LP_GGB270 Uncontrolled 1.487 1.7498 1.0658 
  Passive On 0.3121 0.1868 0.4858 
  Passive Off 0.9929 1.1238 0.6799 
  Semiactive 0.9226 1.0558 0.6512 
LP_GGB360 Uncontrolled 1.4147 1.7789 1.1482 
  Passive On 0.375 0.2219 0.5199 
  Passive Off 0.8196 0.9733 0.6373 
  Semiactive 0.735 0.8593 0.5673 
LP_HSP000 Uncontrolled 1.6127 1.6714 0.9816 
  Passive On 0.2874 0.1389 0.4276 
  Passive Off 1.0432 1.1228 0.6655 
  Semiactive 0.989 1.092 0.6513 
LP_SLC270 Uncontrolled 1.4749 1.751 1.1108 
  Passive On 0.2175 0.1543 0.4763 
  Passive Off 0.9688 1.1549 0.7278 
  Semiactive 0.9425 1.1268 0.7142 
LP_SLC360 Uncontrolled 1.415 1.7538 1.2229 
  Passive On 0.4189 0.4227 0.6645 
  Passive Off 0.9779 1.0971 0.7341 
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  Semiactive 0.8445 1.0538 0.7121 
LP_WAH000 Uncontrolled 1.6298 1.7417 1.0562 
  Passive On 0.1799 0.0676 0.4641 
  Passive Off 0.8517 0.9324 0.5801 
  Semiactive 0.6555 0.6787 0.4788 
NO_GLE260 Uncontrolled 1.4326 1.7544 1.1997 
  Passive On 0.3325 0.211 0.5207 
  Passive Off 0.9789 1.2185 0.7734 
  Semiactive 0.8982 1.1209 0.7152 
NO_LV5000 Uncontrolled 1.5074 1.7333 1.0707 
  Passive On 0.1614 0.1123 0.4564 
  Passive Off 0.836 0.9391 0.5756 
  Semiactive 0.5055 0.5672 0.3636 
NO_SYL090 Uncontrolled 1.61 1.7243 0.9553 
  Passive On 0.3222 0.2155 0.4813 
  Passive Off 0.958 1.0283 0.6023 
  Semiactive 0.8591 0.9065 0.5414 
<Limit State 1  <Limit State2  <Limit Sstate 3  >Limit State3 
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APPENDIX C: NONLINEAR INTERSTORY DRIFT AND FORCE-DISPLACEMENT 
RESULTS 
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Interstory Drift Plots 
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One Damper First Story 10 % 
  
Interstory Drift [%] 
Record Control 1st Story 2nd Story 3rd Story 
HM_22170090 Uncontrolled 1.448291047 2.408622198 1.061645708 
 
Passive On 1.180014582 2.453187534 0.949753964 
 
Passive Off 1.403499563 2.412411154 1.055795517 
 
Semiactive 1.239317585 2.43352105 1.004237288 
HM_22170360 Uncontrolled 0.946509186 0.905101148 0.918600328 
 
Passive On 0.777614465 0.850847458 0.882851285 
 
Passive Off 0.926891222 0.896577365 0.907498633 
 
Semiactive 0.802496355 0.902195189 0.888324221 
LP_PRS090 Uncontrolled 0.939122193 2.080822854 1.488816293 
 
Passive On 0.717127442 1.881353198 1.380831055 
 
Passive Off 0.92484981 2.052930563 1.465817387 
 
Semiactive 0.856681248 1.959712958 1.418635867 
NO_5082-235 Uncontrolled 1.656013415 1.828641334 0.806101695 
 
Passive On 1.295832604 2.009661017 0.806224713 
 
Passive Off 1.603283756 1.842001093 0.807676326 
 
Semiactive 1.494986877 1.861697649 0.778141061 
NO_5082A-235 Uncontrolled 4.250452027 2.033706944 0.749863313 
 
Passive On 2.524569845 3.098469109 0.822607983 
 
Passive Off 3.914260717 2.16049754 0.762875888 
 
Semiactive 3.308282298 2.559950793 0.779907053 
NO_5082A-325 Uncontrolled 0.613639545 1.042422089 0.901131766 
 
Passive On 0.479769612 0.843277747 0.835215965 
 
Passive Off 0.60264217 1.016123565 0.888493712 
 
Semiactive 0.577640712 0.912974303 0.857031165 
NO_GLE260 Uncontrolled 0.46418781 0.713778294 0.876314926 
 
Passive On 0.368282298 0.766805905 0.852545107 
 
Passive Off 0.45743657 0.717811099 0.868578458 
 
Semiactive 0.41850977 0.73145544 0.841019683 
NO_UCL090 Uncontrolled 0.748760572 1.091014215 0.958966648 
 
Passive On 0.593461651 1.004958994 0.795385457 
 
Passive Off 0.729906678 1.067676326 0.930300711 
 
Semiactive 0.664811899 1.026990159 0.875762712 
SF_L01021 Uncontrolled 0.828063575 1.390489338 0.927668125 
 
Passive On 0.68405366 1.321678513 0.927110443 
 
Passive Off 0.814485273 1.375522143 0.922033898 
 
Semiactive 0.760787402 1.350049207 0.883734281 
SF_ORR291 Uncontrolled 0.6211986 0.924639147 0.807285402 
 
Passive On 0.502811315 0.893127392 0.787047567 
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Passive Off 0.60930592 0.907823948 0.797143248 
 
Semiactive 0.608086906 0.905557682 0.793173866 
<Limit State 1  <Limit State2  <Limit Sstate 3  >Limit State3 
 
One Damper First Story 2 % 
    Interstory Drift [%] 
Record Control 1st Story 2nd Story 3rd Story 
LP_BRN000 Uncontrolled 0.878565179 1.201309459 0.97600328 
  Passive On 0.731708953 1.136107162 1.023392564 
  Passive Off 0.858804316 1.186768726 0.962083106 
  Semiactive 0.825850102 1.130355385 0.987542373 
LP_GGB270 Uncontrolled 1.749927092 3.318942045 1.345653362 
  Passive On 1.484368621 3.775483871 1.407900492 
  Passive Off 1.694931467 3.372523237 1.348879169 
  Semiactive 1.589947507 3.667039366 1.385101148 
LP_GGB360 Uncontrolled 0.894776903 2.081135593 1.761741389 
  Passive On 0.718909303 1.982946966 1.57874795 
  Passive Off 0.884450277 2.06115637 1.724078732 
  Semiactive 0.820586177 2.012457627 1.641213778 
LP_HSP000 Uncontrolled 1.239098863 1.880423729 1.376801531 
  Passive On 0.992353456 1.901957354 1.244852378 
  Passive Off 1.205517644 1.872859486 1.350650629 
  Semiactive 1.140049577 1.788130126 1.259775834 
LP_SLC270 Uncontrolled 2.371318169 2.0613614 1.152331875 
  Passive On 1.618442695 2.651268453 1.114570804 
  Passive Off 2.225753864 2.154808639 1.146984691 
  Semiactive 2.02627005 2.384237288 1.157520503 
LP_SLC360 Uncontrolled 1.690527851 1.810027337 1.111618371 
  Passive On 1.259498396 2.10929743 1.078406233 
  Passive Off 1.584782735 1.878906506 1.07265719 
  Semiactive 1.319396325 2.236525424 1.099002187 
LP_WAH000 Uncontrolled 0.719075532 0.971916348 0.894723893 
  Passive On 0.583024205 0.876172772 0.826730454 
  Passive Off 0.704281132 0.957911427 0.882930563 
  Semiactive 0.592018081 0.978091853 0.811221979 
NO_GLE260 Uncontrolled 0.788906387 1.073813559 1.486175506 
  Passive On 0.649553806 1.03358912 1.456167305 
  Passive Off 0.76253135 1.05615637 1.471000547 
  Semiactive 0.690087489 1.025054675 1.429043193 
NO_LV5000 Uncontrolled 0.650834062 1.19800164 1.016202843 
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  Passive On 0.546036745 1.177126299 0.992968835 
  Passive Off 0.637284923 1.187202023 1.013712411 
  Semiactive 0.576491689 1.167807272 0.99041006 
NO_SYL090 Uncontrolled 1.147086614 2.653086386 1.724248223 
  Passive On 0.928891805 2.529152542 1.563340623 
  Passive Off 1.124639837 2.626610169 1.69825041 
  Semiactive 1.077439487 2.533955714 1.629442318 
<Limit State 1  <Limit State2  <Limit Sstate 3  >Limit State3 
 
Two Dampers 10 % 
    Interstory Drift [%] 
Record Control 1st Story 2nd Story 3rd Story 
HM_22170090 Uncontrolled 1.448291047 2.408622198 1.061645708 
  Passive On 1.340072908 1.453193002 0.937145981 
  Passive Off 1.439617964 2.236656643 1.053772553 
  Semiactive 1.353764946 1.845333516 1.037944232 
HM_22170360 Uncontrolled 0.946509186 0.905101148 0.918600328 
  Passive On 0.681671041 0.703340623 0.847826681 
  Passive Off 0.926555847 0.860210498 0.894138874 
  Semiactive 0.790904054 0.793203937 0.850962274 
LP_PRS090 Uncontrolled 0.939122193 2.080822854 1.488816293 
  Passive On 0.71735783 1.27672772 1.355333516 
  Passive Off 0.92893555 1.943966648 1.458277747 
  Semiactive 0.837028288 1.586697649 1.361334062 
NO_5082-235 Uncontrolled 1.656013415 1.828641334 0.806101695 
  Passive On 1.394995626 1.395322581 1.019885183 
  Passive Off 1.627535725 1.751957354 0.825046473 
  Semiactive 1.52165646 1.511744122 0.952017496 
NO_5082A-
235 Uncontrolled 4.250452027 2.033706944 0.749863313 
  Passive On 3.078127734 1.795710771 0.957271733 
  Passive Off 3.955963838 2.043275014 0.783980317 
  Semiactive 3.8405366 2.003335156 0.828922909 
NO_5082A-
325 Uncontrolled 0.613639545 1.042422089 0.901131766 
  Passive On 0.458156897 0.694510662 0.824625478 
  Passive Off 0.601682706 0.981585566 0.87479497 
  Semiactive 0.560309128 0.827528704 0.826249317 
NO_GLE260 Uncontrolled 0.46418781 0.713778294 0.876314926 
  Passive On 0.399081365 0.676511755 0.827178786 
  Passive Off 0.451274424 0.707586933 0.862826681 
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  Semiactive 0.403240012 0.674604429 0.812936031 
NO_UCL090 Uncontrolled 0.748760572 1.091014215 0.958966648 
  Passive On 0.489693788 0.822605249 0.805787315 
  Passive Off 0.701213182 1.037813013 0.917572444 
  Semiactive 0.579524643 0.974379442 0.826552761 
SF_L01021 Uncontrolled 0.828063575 1.390489338 0.927668125 
  Passive On 0.705141441 0.927083106 1.071716785 
  Passive Off 0.824141149 1.316161837 0.928031711 
  Semiactive 0.79605716 1.115970476 0.937411154 
SF_ORR291 Uncontrolled 0.6211986 0.924639147 0.807285402 
  Passive On 0.555290172 0.713854565 0.743149262 
  Passive Off 0.616054243 0.883370694 0.782186987 
  Semiactive 0.621399825 0.835486605 0.762607983 
<Limit State 1  <Limit State2  <Limit Sstate 3  >Limit State3 
 
Two Dampers Story 2 % 
    Interstory Drift [%] 
Record Control 1st Story 2nd Story 3rd Story 
LP_BRN000 Uncontrolled 0.878565179 1.201309459 0.97600328 
  Passive On 0.734307378 0.920587753 1.043742482 
  Passive Off 0.85802858 1.149089666 0.956071624 
  Semiactive 0.840020414 0.986082559 0.986104429 
LP_GGB270 Uncontrolled 1.749927092 3.318942045 1.345653362 
  Passive On 1.934791484 2.214496993 1.468507381 
  Passive Off 1.85829688 3.000117551 1.372088573 
  Semiactive 2.150017498 2.586104429 1.440049207 
LP_GGB360 Uncontrolled 0.894776903 2.081135593 1.761741389 
  Passive On 0.857582386 1.463004374 1.534584472 
  Passive Off 0.905893847 1.96059322 1.711820667 
  Semiactive 0.844569845 1.714075998 1.551519956 
LP_HSP000 Uncontrolled 1.239098863 1.880423729 1.376801531 
  Passive On 1.146844561 1.449231821 1.408335156 
  Passive Off 1.171128609 1.798253144 1.333794423 
  Semiactive 1.181781861 1.678061782 1.296675779 
LP_SLC270 Uncontrolled 2.371318169 2.0613614 1.152331875 
  Passive On 2.022496355 1.753706944 1.247692728 
  Passive Off 2.282210557 2.033512849 1.154846911 
  Semiactive 2.180793234 1.775196829 1.159570804 
LP_SLC360 Uncontrolled 1.690527851 1.810027337 1.111618371 
  Passive On 1.376832896 1.508343357 1.300869328 
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  Passive Off 1.57445611 1.783354292 1.071284855 
  Semiactive 1.47810732 1.689661017 1.139163477 
LP_WAH000 Uncontrolled 0.719075532 0.971916348 0.894723893 
  Passive On 0.467637795 0.731779661 0.766303991 
  Passive Off 0.696643336 0.909097868 0.884125205 
  Semiactive 0.568661417 0.751558229 0.831118097 
NO_GLE260 Uncontrolled 0.788906387 1.073813559 1.486175506 
  Passive On 0.620099154 1.004849645 1.508296884 
  Passive Off 0.759714202 1.013277747 1.459901586 
  Semiactive 0.672545932 0.906265719 1.410858393 
NO_LV5000 Uncontrolled 0.650834062 1.19800164 1.016202843 
  Passive On 0.660939049 0.984283762 0.968225806 
  Passive Off 0.641510645 1.153073811 1.008015309 
  Semiactive 0.632000583 1.051369601 0.981350465 
NO_SYL090 Uncontrolled 1.147086614 2.653086386 1.724248223 
  Passive On 1.0838641 1.885986878 1.654018589 
  Passive Off 1.141831438 2.48327228 1.699699289 
  Semiactive 1.18791776 2.27811099 1.58950246 
<Limit State 1  <Limit State2  <Limit Sstate 3  >Limit State3 
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Force-Displacement Plots 
One Damper First Story 10% Exceedance Probability 
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One Damper First Story 2% Exceedance Probability
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Two Dampers 10% Exceedance Probability
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